INTRODUCTION

26
R bodies (Type 51 refractile bodies) are ribbon-like protein polymers that are naturally expressed in the 27 cytoplasm of Caedibacter taeniospiralis, an endosymbiont of "killer" strains of Paramecium tetraurelia 28 (reviewed in 1 ). These bacteria, also called kappa particles, confer to their host the ability to kill other 29 strains of Paramecium. This killing is dependent on ingestion of the R body-containing bacteria 2 that are 30 shed into the environment by the killer strain 3, 4 . Inside the food vacuole of the non-killer paramecium, 31 acidic conditions cause the R body to unroll from a coil 500nm in diameter to form a tube 165nm in 32 diameter and up to 20µm long ( Figure 1A -C). This extension deforms and punctures the membrane of 33 the food vacuole, mixing contents of the bacteria with the paramecium's cytoplasm 2, 5 . The subsequent 34 death of the paramecium presumably results from the release of unidentified toxins from the bacteria 35 into the cytoplasm, as killing does not occur when sensitive strains are fed purified R bodies or E. coli 36 expressing R bodies [6] [7] [8] . Thus, R bodies themselves are not lethal, but rather they have been proposed to 37 act as delivery devices for other molecules ( Figure 1A ). As such, we speculated that the natural behavior 38 of R bodies could be used as a tunable device for cell engineering applications. 39
Type 51 R bodies are natural molecular machines that switch between extended and retracted forms in 40 response to changes in pH; they can revert to their contracted form when the pH is raised 9 .
41
Additionally, they resist harsh conditions including salt, detergents, and heat
10
. These structures can be 42 expressed in E. coli 7, 10, 8 from an operon of four open reading frames, rebA-D, two of which (RebA and  43 RebB) are major structural proteins 11 . The process of R body extension is a simple, brute-force solution 44 to the challenge of membrane disruption, and it therefore holds promise as a research or clinical tool for 45 selective release or penetration of membrane compartments in a programmable manner. 46
Here, we develop pH tunable R bodies as protein-based devices for the synthetic biology tool box. As 47 such, we show that R bodies can undergo many sequential cycles of extension and contraction in vitro. 48 We also describe a simple assay that enables quantitation of the pH response of R bodies and its 49 application in a screen for mutant R bodies that switch conformations at lower pH. Informed by this 50 screen, we designed additional mutants that switch conformations at higher pH, thereby making them 51 useful for a diversity of cell-based designs as well as in vitro applications. Finally, we demonstrate that R 52 bodies can release cytoplasmic contents from E. coli by rupturing the cell membrane. 53
RESULTS
54
Production of functional R bodies in E. coli 55
We expressed the reb locus 12 in E. coli cells and purified R bodies based on their ability to sediment. R 56 bodies from our E. coli expression system (Methods) behave as predicted 7, 9 : at high pH, they resemble 57 coils of ribbon ( Figure 1B ) by negative stain transmission electron microscopy. At low pH, they instead 58 form extended, hollow tubes with pointed ends ( Figure 1C ). 59 R body extension results in secondary structure changes and a macroscopic phenotype 60 R bodies display two distinct circular dichroism spectra at high and low pH ( Figure 1D ). Analysis of this 61 data suggests that R bodies are dominated by helical secondary structure, slightly more so at low pH 62 than at high pH ( Figure 1E ). We also found that R body solubility depends on their extension state. R 63 bodies in the contracted, high pH state will sediment after several hours at room temperature, while 64 those in the extended, low pH state remain in solution ( Figure 1B and C). This difference can be rapidly 65 appreciated with the naked eye in tubes or in 96-well plates. 66 R bodies can undergo many pH dependent cycles of extension and contraction 67 R bodies are capable of undergoing many dozens of cycles of extension and contraction without any 68 apparent loss of function. Using phase contrast microscopy and flow cells that permitted on-stage buffer 69 changes, we observed that single R bodies undergo multiple cycles of extension and contraction in 70 response to pH modulation ( Figure 1F ). A full-frame movie of this process is provided as Supplemental 71 Movie 1. 72
To further probe the limits of this reversibility, we sequentially altered the pH of a solution of R bodies 73 for 120 cycles by adding small volumes of HCl or KOH in the absence of buffer ( Figure 1G ), reserving 74 aliquots of R bodies at each step to confirm their extension state. We found that the first and last 75 aliquots showed no detectable difference in their ability to respond to either high or low pH (pH 7.0 and 76 5.0, respectively) as measured by phase contrast microscopy ( Figure 1H ). Thus, R body function remains 77 robust over many activity cycles. 78 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Measuring R body extension in varied ionic strength solutions with a high-throughput assay 79 We used the differential solubility of extended and contracted R bodies described above to develop a 80 rapid assay for R body extension state that is amenable to quantification. In a plate reader, the pellets 81 formed by contracted R bodies create a higher absorbance value than the same concentration of R 82 bodies in solution. This difference can be enhanced by programming the plate reader to agitate the 83 plate before the reading; this reproducibly focuses the material toward the center of the well ( Figure  84 2A). In this fashion, R body state can be measured across many conditions in a short period of time. The 85 assay is subject to drift over time as R bodies settle; therefore we waited at least 4 hours before reading 86 the plates and kept the plate covered to reduce edge effects due to evaporation during this time. We 87 first used this method to confirm that the sequential pH changes described above indeed cause R bodies 88 to change state ( Figure 1G ). 89
Using this assay, we studied the impact of ionic strength on R body extension state. At high salt 90 concentrations, the highest pH at which R bodies are completely extended is approximately 5.4. 91
Meanwhile, at very low ionic strength, R bodies remain completely extended above pH 6.2. These data 92 also reveal that within any given series, absorbance increases with pH, creating a sigmoidal curve with a 93 median value that we refer to as the conversion pH ( Figure 2B ). 0M KCl was excluded from subsequent 94 as it does not have a conversion pH; all 0M wells lacked a visible pellet (Figure 2A ). For the remaining 95 conditions, we interpolated the pH value at 50% maximum absorbance for each individual trace. These 96 values were used as inputs in a one-way ANOVA with Tukey-Kramer test, finding statistically significant 97 differences between 0.063M KCl and 0.25M-2M KCl. We verified that the observed transfer curve 98 reflects actual morphological changes in R bodies by visualizing their state with phase contrast 99 microscopy ( Figure 2C ). 100
A screen for R bodies that extend at variable pHs identifies changes in a region of RebA 101
We adapted our plate-based assay as a screening tool for R bodies with differential pH responses. We 102 amplified a region spanning the rebA and rebB open reading frames with error-prone PCR and cloned 103 this region into a plasmid backbone containing an unmodified copy of the remainder of the reb operon, 104 which includes rebC and rebD ( Figure 3A ). Single colonies resulting from a transformation of this library 105
into C43 E. coli cells were then selected for growth in a 96-well plate format. R bodies were expressed 106 and purified in this format, then transferred to an optically-clear plate in buffer at pH 5.5. Under these 107 conditions, wild type R bodies will remain soluble, but mutants that require a lower pH to extend will 108 sediment ( Figure 3A , right panel). We therefore visually selected wells with a dense, visible pellet (like 109 those highlighted in Figure 3B ) as putative hits. These were subsequently confirmed by pH titration 110 ( Figure 3C ) and classified according to their approximate conversion pH. 111
Out of a library of 1728 clones, we identified 60 isolates defective in pH response (representative 112 isolates shown in figure 3C , sequences shown in Supplemental figures 1 and 2). Of these, 13 did not 113 extend below pH 3.0 ( Figure 3E ), though mutants from this class resemble normally assembled R bodies 114 by negative stain electron microscopy ( Figure 3D ). These clones possessed a total of 16 unique 115 mutations, 9 of which fall into a 20 base pair region at the C-terminus of RebA. Five of these clones have 116 a single amino acid change in this region as their sole mutation. Taken together, these results provide 117 evidence that this region is a key controller of the extension process. 118
Rational design produces mutants with increased pH sensitivity 119
Three of the unique mutations in the C-terminal portion of RebA identified above were conversions to 120 proline. Because proline residues are known to destabilize alpha helices 13 , we constructed a series of 121 mutants with either individual residues or tracts of residues replaced with alanines or prolines ( Figure  122 4A). We identified two alanine mutants that enable R bodies to extend at higher pH than wild type, with 123 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the more dramatic being RebA G90A ( Figure 4B ). We interpolated each trace's pH value at 50% 124 maximum intensity and used these as inputs in unpaired two-sample t-tests assuming equal variance, 125 finding both Reb 1 vs Reb65 and Reb1 vs 221 to be significantly different. The increased conversion pH 126 phenotypes arealso evident by phase contrast microscopy ( Figure 4C ). 127 R bodies are capable of rupturing E. coli spheroplasts 128 R bodies can act as synthetic membrane-breaking devices. We constructed a plasmid encoding 129 functional fluorescent R bodies as well as a soluble fluorescent protein, mCherry (Methods). After 130 expressing this construct in E. coli, we treated cells with lysozyme and imaged them in flow chambers to 131 which we added low pH buffer that contained salts (methylamine hydrochloride and potassium 132 benzoate) shown to disrupt E. coli's otherwise robust pH homeostasis 14 ( Figure 5A ). When spheroplasts 133 containing functional (wild type) R bodies were exposed to low pH buffer, 60% of the cells lysed (ie, lost 134 their m-Cherry fluorescence) 10 minutes after the addition of the low-pH buffer ( Figure 5B ). The loss of 135 fluorescence was often accompanied by dramatic protrusions of R bodies that distended cells (Figure 5E  136 and G, right side of Supplemental Movie 2). R bodies sometimes extended inside cells before the 137 membrane ruptured ( Figure 5G , leftmost 4 cells), suggesting that extension causes lysis. By contrast, 138 when cells from the same culture were not treated with lysozyme, only 9.1% lysed. When cells were 139 treated with lysozyme, but thesalts to disrupt pH homeostasis were omitted, ( only 9.8% lysed. Finally, 140 when spheroplasts containing R bodies with the RebA S88P mutation, which are incapable of extension, 141
were treated with both salts and lysozyme, only 11.5% lysed. (
Figure 5B . Analysis of our R body circular dichroism data ( Figure 1D ) 157 suggests a slightly greater contribution of helices to the low pH spectrum than to the high pH spectrum 158 ( Figure 1E ). Though this difference accounts for only 2% of the residues, these may bridge the small, 159 unstructured regions predicted in the C-terminal region of RebA (PSIPRED predictions shown in Figure  160 3E). Many of the mutations identified in the screen introduce proline residues, which can disrupt helices 161 13 . Therefore, these mutations may prevent the pH-dependent formation of a helix in this C-terminal 162 region. Conversely, alanine residues can stabilize helices, so it is unsurprising that some of the rationally 163 designed alanine mutants we produced bias R bodies toward an extended conformation. 164
We have shown that when R bodies are in buffers of high ionic strength, a lower pH is required to 165 contract them than is needed at low ionic strength ( Figure 2B and C . Cells were grown in TPM to OD 600 0.2-0.6 and induced with 1mM IPTG. Expression 203 proceeded for 18 hours at 37° C. 204
To purify R bodies, cell pellets were flash-frozen in liquid nitrogen, then thawed. Cells were resuspended 205 in 25mM Tris pH 7.5, 100mM NaCl, and 2mM EDTA. Egg white lysozyme was added to a concentration of 206 approximately 17 µg/ml, and cells were incubated at 37° C for 1 hour. After this time, the buffer was 207 adjusted to contain 10mM MgCl2, 10mM CaCl2, and approximately 15 µg/ml DNAse from bovine 208 pancreas. Cells were once again incubated at 37° C for 20 minutes. Next, the buffer was adjusted to 209 contain 1% SDS. After manual mixing, cells were spun at 4,000 RPM in a tabletop centrifuge for 20 210 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 minutes to pellet the R bodies. The R body pellet was then washed three times by resuspension in 211 water, followed by spins, as above. 212 R bodies were stored at 4° C or at -80° C after flash-freezing in liquid nitrogen in the presence of 25mM biotin, Thermo Fisher Scientific) were added and left to incubate for 5 minutes. The chambers were 234 washed with more PBS followed by 1mg/ml BSA/BSA-biotin solution. Finally, during imaging, pH was 235 changed by flowing 30-50µl of citric acid-Na 2 HPO 4 buffer at either pH 5.2 or pH 6.2 through the flow cell. 236
Static images of purified R bodies were obtained from simple wet mounts on untreated coverslips and 237 slides. 238
All images were acquired on a Nikon TE2000 microscope equipped with a 100x phase objective, Perfect 239
Focus, and an Orca ER camera. Images were processed with Fiji. 240
Spectrophotometric assay 241
The absorbance of R bodies (100µl in each well of a 96-well plate) at 600nm or 590nm was read on a 242
Perkin Elmer Victor 3 V plate reader following 15 seconds of agitation by the plate reader. R bodies were 243 allowed to settle out of solution for at least 4 hours ahead of each reading, and wells were covered with 244 parafilm or plate lids to reduce evaporation during this time. 245
For statistical tests, the pH value at 50% maximum intensity was linearly interpolated from the two 246 nearest points for each individual trace. These were used as inputs for a t-test assuming equal variance 247 or one-way ANOVA with Tukey-Kramer tests.
248
Screen for mutants defective in pH response 249
The error-prone PCR-generated library described above (Cloning) was transformed into E. coli C43 cells, 250 and single colonies were picked to 1ml of TPM in 96-well assay blocks. R bodies were expressed and 251 purified as described above. After washing R bodies in water sequentially, they were resuspended in 252 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 250mM MES pH 5.5 and 250mM KCl. Hits were visually identified by the sedimentation of R bodies in 253 the respective well and confirmed by measuring the behavior against a pH series as in Figure 2C . 254
Sequence analysis 255
Sequences were aligned with Geneious version 8.1 (Biomatters Ltd). Secondary structure prediction was 256 done with PSIPRED 27, 28 . 257
Spheroplasting 258
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